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ABSTRACT 
The o p t i c a l  d e s i g n  c o n s i d e r a t i o n s  f o r  o p t i m i z a t i o n  o f  s e n s i t i v i t y ,  
t u n e a b i l i t y  and v e r s a t i l i t y  o f  an i n f r a r e d  h e t e r o d y n e  s p e c t r o m e t e r  will be 
d i s c u s s e d   u s i n g  t h e  GSFC C 0 2  laser  h e t e r o d y n e  s p e c t r o m e t e r  o p t i c a l  f r o n t  
end as an   example .   Problems  re la ted   to   the   coherent   na ture   o f   the  laser 
l o c a l  o s c i l l a t o r  beam ( e . g .  i n t e r f e r e n c e  e f fec ts  a t  e d g e s  o f  o p t i c a l  
e lements   and a t  t h e  beam combin ing   beamsp l i t t e r )  will be   descr ibed   and  
p r o p e r   b e a m s p l i t t e r   d e s i g n   d i s c u s s e d .  Optimum m a t c h i n g   t o   t h e   t e l e s c o p e  
w i l l  be   d i scussed .  The s e v e r e   e f f e c t s   o f  large c e n t r a l   o b s c u r a t i o n  on t h e  
c o h e r e n t  t e l e s c o p e  e f f i c i e n c y  w i l l  b e  d e s c r i b e d  a n d  s t e p s  t o  p a r t i a l l y  
r e c o v e r   t h e   l o s t   s y s t e m   s e n s i t i v i t y  w i l l  be  proposed.  Measurements  made 
w i t h  t h e  GSFC 4 8 - i n c h  t e l e s c o p e  ( l i n e a r  o b s c u r a t i o n  r a t i o  = 0.5) and t h e  
KPNO McMath t e l e s c o p e  ( n o  o b s c u r a t i o n )  will be   g iven  as examples. 
DISCUSSION 
S e n s i t i v i t y  o f  i n f r a r e d  h e t e r o d y n e  s p e c t r o m e t e r s  c a n  be expressed   by  
t h e  i n s t r u m e n t a l  n o i s e  e q u i v a l e n t  flux 
(NEF) = p h o t o n s / s e c  Hz 
The degrada t ion   of   per formance   f rom  idea l ,  A ,  is a t o t a l  d e g r a d a t i o n  f a c t o r  
- d u e  t o  effects  o f  c h o p p i n g ,  p o l a r i z a t i o n ,  d e t e c t o r - p r e a m p l i f i e r  
e f f i c i e n c y ,   p h a s e   f r o n t   m i s a l i g n m e n t ,  beam f i l l i n g  f a c t o r ,  l i n e  s h a p e  
d i s t r i b u t i o n ,  and o p t i c a l   l o s s e s   ( r e f s .   1 , 2 ) .  
I n  a n  o p e r a t i n g  s y s t e m  t h e  o p t i c a l  d e g r a d a t i o n  f a c t o r  c o n s i s t s  m a i n l y  
of  two  components - l o s s e s  d u e  t o  t h e  t e l e s c o p e  a n d  t h e  s y s t e m - t e l e s c o p e  
ma tch ing ,   and   l o s ses  i n  t h e   o p t i c a l   f r o n t   e n d .  Careful o p t i c a l   d e s i g n   c a n  
limit b o t h  l o s s e s  t o  e s s e n t i a l l y  t h o s e  d u e  t o  o p t i c a l  t r a n s m i s s i o n  of t h e  
components ( A - 1.2) .   However ,   h ighly   obscured   te lescopes   and   improper  
f r o n t  e n d  d e s i g n  c a n  i n t r o d u c e  s i g n i f i c a n t  d e g r a d a t i o n  i n  he t e rodyne  
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e f f i c i e n c y .  I n  t h i s  p a p e r  we w i l l  describe a r ep resen ta t ive  he t e rodyne  
system design and d i s c u s s  s e v e r a l  o f  t h e  many op t i ca l  p rob lems  arising on 
t h e  o p t i c a l  table as well as in  coup l ing  the  sys t em wi th  a f i e l d  t e l e s c o p e .  
L e t  us  consider  the o p t i c a l  d e s i g n  o f  the Goddard Space Flight Center 
CO laser-infrared heterodyne  spectrometer   (Figure 1 ) .  The des ign   goa l s  
were to  op t imize  sys t em sens i t i v i ty  wh i l e  ma in ta in ing  m a x i m u m  s p e c t r a l  
tun ing  range ,  permi t  easy  tun ing  and a b s o l u t e  c a l i b r a t i o n ,  and i n  g e n e r a l  
m a i n t a i n  s y s t e m  v e r s a t i l i t y  f o r  f i e l d  or l abora to ry  use .  
2 
In  F igure  1 t h e  s i g n a l  beam S (source)   f rom  the  te lescope is chopped 
a g a i n s t  a r e fe rence  beam R (sky). A d i c h r o i c   m i r r o r  D permi ts  a po r t ion  
of t h e  v i s i b l e  beam t o  e n t e r  a guiding  eyepiece.  It a?so  can be moved t o ,  
i n   e f f e c t ,   i n t e r c h a n g e   t h e  S and R beams. The t e l e scope  beam, v is 
col l imated  by an of f -ax is   parabola .  The output  beam, vLo, o f  an  in-house 
b u i l t  grating t u n e d ,  l i n e  c e n t e r  s t a b i l i z e d  C02  laser is a t t e n u a t e d ,  
expanded, coll imated and combined a t  a ZnSe beamsp l i t t e r  w i th  the  t e l e scope  
beam. The two  matched  collimated beams are then  focussed  onto a HgCdTe 
photomixer  (supplied by Dr. David Spears ,  MIT L inco ln   Labora to r i e s ) .  A 
p o r t i o n  o f  t h e  v i s i b l e  s i g n a l  is a g a i n  t r a n s m i t t e d  t o  a guid ing  eyepiece  by 
d i c h r o i c  D2. The d i f f e rence   f r equency  1 v -v. 1 gene ra t ed   i n  t h e  
photomixer over a bandwidth of - 2  GHz is &enlfed into our  R.F. s p e c t r a l  
l i n e  r e c e i v e r  ( r e f .  3). System  cal ibrat ion  can be done by i n s e r t i n g  a 
kinematic   mirror  M and measuring a calibrated black body r e fe rence .  This  
arrangement  can a l s o  be used  fo r  l abora to ry  spec t roscopy  o f  t a rge t  f i e l d  
molecules ( refs.  4,5 1 . 
I R  ' 
1 
Minimum op t i ca l  t r ansmiss ion  lo s ses  and e l imina t ion  of  chromat ic  
effects  were achieved by the use of  a l l  reflecting o p t i c s  ( e x c e p t  
beamsp l i t t e r  and dewar window).  Thus, a l l  f o c a l   p o i n t s  and a l l  major 
component p o s i t i o n s  ( e  .g .  off  axis parabolas ,  pinholes ,  photomixer)  are 
independent of t h e  operating wavelength and no ad jus tments  are necessary  as 
one t u n e s   t h e   l o c a l   o s c i l l a t o r .  T h i s  concept is even more impor t an t   fo r  
more broadly  tuneable  sys tems such  as diode laser  heterodyne spectrometers .  
Even with the bas i c  des ign  goa l s  met, many problems  can ar ise  t o  
fur ther  degrade heterodyne performance,  such as op t i ca l  f eedback  in to  the 
laser c a v i t y ,  o p t i c a l  s t a n d i n g  w a v e s ,  i n t e r n a l  r e f l e c t i o n s  and 
i n t e r f e r e n c e .  These problems  can be  minimized by t i l t i n g  and  wedging 
various system components. 
Let us  look a t  two specif ic  problems,  both of  which are consequences 
of   the   coherent   na ture   o f  the C 4  laser l o c a l   o s c i l l a t o r .  The first 
problem is i l l u s t r a t e d  i n  F i g u r e  2.  Displayed are scans   o f   t he  expanded 
laser beam c r o s s  s e c t i o n .  The upper   plot  shows a near ly   Gauss ian   c ross  
sec t ion  o f  t he  laser beam which is u l t i m a t e l y  combined with t h e  s i g n a l  
beam. I f   t h e   o p t i c a l   e l e m e n t s   i n  the beam pa th   ( e .g .   mi r ro r s ,   ape r tu re s  
beamsplitter) are smaller than  the  beam d iame te r  ( "d i s t ance  between l / e  3 
power po in t s )  F resne l  f r inges  r e l a t ed  to  edge  d i f f r ac t ion  pa t t e rns  are 
formed ( lower   p lo t ) .   Focuss ing   such  a l o c a l   o s c i l l a t o r   i n t e n s i t y  
d i s t r i b u t i o n  on the photomixer can in t roduce  phase  cance l la t ion  and no i se ,  
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and  can degrade t h e  h e t e r o d y n e  s i g n a l  t o  n o i s e .  
A second  problem is related t o  the d e s i g n  o f  t h e  combining 
b e a m s p l i t t e r .  If s u f f i c i e n t  laser power ex i s t s ,  p r o p e r  d ie lec t r ic  c o a t i n g  
( o r  s u b s t r a t e )  w i l l  e n a b l e  m a x i m u m  c o u p l i n g  o f  the s i g n a l  beam 2 95% o f  
s i g n a l )  w i t h  s u f f i c i e n t  l o c a l  o s c i l l a t o r  s i g n a l  ( < 1 mW) f o r  s h o t  n o i s e  
l i m i t e d   o p e r a t i o n .  The b e a m s p l i t t e r  is d e s i g n e d   t o  re f lec t  t h e  LO beam, 
the  f r o n t  s u r f a c e  b e i n g  t h e  beam combining  plane.   The back s u r f a c e  w i l l  
a lso  re f lec t  a p o r t i o n  of the LO beam. I n t e r f e r e n c e  f r i n g e s  will t h u s  be 
g e n e r a t e d  w i t h  their  s e p a r a t i o n  d e p e n d e n t  on the  wave leng th  and t h e  p a t h  
d i f f e rence  be tween  the  reflected beams ( i . e .  wedge angle   be tween  the   two 
s u r f a c e s ) .   F i g u r e  3 i l l u s t r a t e s  t h i s  p rob lem  fo r  a 30 arc-second wedged 
ZnSe b e a m s p l i t t e r .   F r i n g e s   d u e   t o  the reflected CO laser beam were 
measured  by  scanning a d e t e c t o r  a c r o s s  the  beam. TEe f r i n g e  s p a c i n g  was 
c o n s i s t e n t  w i t h  the measured wedge a n g l e .  The i n t e n s i t y  d i s t r i b u t i o n s  and 
p o s i t i o n s  o f  t he  p r i n c i p a l  and second  su r face  reflected beams y i e l d i n g  s u c h  
f r i n g e s  are p l o t t e d  below. If the  u s a b l e ,  matched beam diameter is abou t  
2.54 cent imeters  (1 i nch )  cen te red  on t h e  o p t i c  axis ( c e n t e r  o f  p r i n c i p a l  
beam),  the laser beam p r o f i l e  i n c i d e n t  on the  mixer  i s  r educed  in  power and 
i s  far from  Gaussian. It i s  obv ious  th i s  can  in t roduce  s ign i f i can t  deg ra -  
d a t i o n  i n  t h e  r e s u l t a n t  h e t e r o d y n e  s i g n a l .  The worst case would be i f  t h e  
i n t e n s i t y  minimum occurs  on the  op t i c  ax i s .  Th i s  p rob lem can  be  so lved  
by  des ign ing  su f f i c i en t ly  wedged beamsp l i t t e r s  so  t h a t  t h e  b a c k  s u r f a c e  
r e f l e c t i o n  i s  de f l ec t ed  ou t  of the  opt ica l  acceptance  angle  of  the  sys tem.  
Let u s  now look  a t  the d e g r a d a t i o n  a s s o c i a t e d  wi th  t e l e s c o p e  - system 
i n t e r f a c e   a n d   m a t c h i n g .   I d e a l l y ,  t h e  o p t i c s  are matched t o  t h e  d i f f r a c t i o n  
limit o f  t h e  t e l e s c o p e  a p e r t u r e  and the  on ly  l o s s  is t h e  o p t i c a l  
t r a n s m i s s i o n   o f  t h e  t e l e s c o p e .   T e l e s c o p e s  w i t h  a c e n t r a l   o b s c u r a t i o n   c a n ,  
however ,   in t roduce  greater l o s s e s   i n   h e t e r o d y n e   s i g n a l .   S u c h  e f fec ts  are 
i l l u s t r a t e d  i n  FigLire 4 .  Assuming .a p l a n e  wave i n c i d e n t  on t h e  t e l e s c o p e  
a t  first g l a n c e  the  losses   expec ted   would  be d u e  t o  area blockage  by t h e  
obscura t ion   and  a r e l a t i v e  m e a s u r e d  s i g n a l ,  h e t e r o d y n e  or d i rec t ,  can be 
r ep resen ted  by  t h e  e q u a t i o n  
where D and DA are the  o b s c u r a t i o n   a n d   a p e r t u r e  diameters. 
T h i s  pa%gol i c   cu rve  is p l o t t e d  i n  F i g u r e  4 ( u p p e r  s o l i d  c u r v e ) .  
For a p o i n t  s o u r c e ,  the i n t e n s i t y  a n d  p h a s e  d i s t r i b u t i o n s  a t  t h e  
t e l e s c o p e   a p e r t u r e  are b o t h   u n i f o r m   ( n e g l e c t i n g   s e e i n g ) .   T h e   l o c a l  
o s c i l l a t o r  beam has a G a u s s i a n  c r o s s  s e c t i o n  and is matched t o  t he  Ai ry  
p a t t e r n   o f  a f i x e d  s i ze  a p e r t u r e .  A s  t h e   c e n t r a l   o b s c u r a t i o n   i n c r e a s e s ,  t h e  
Airy  pat tern  becomes  narrower  and less power is c o n c e n t r a t e d  i n  the c e n t r a l  
m a x i m u m  and more i n   t h e   s e c o n d a r y  maxima ( r e f .  6 ) .  For a matched f i x e d  
area d e t e c t o r  t h i s  leads t o  l o w e r  i n c i d e n t  p o w e r  a n d  s i g n a l  c a n c e l l a t i o n  
due to   t he   ou t   o f   phase   componen t s   o f  t h e  e lec t r ic  f i e l d  i n  t he  secondary  
maxima, which are now w i t h i n  t he  d e t e c t o r  area. These effects  on t h e  
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h e t e r o d y n e  s i g n a l  were c a l c u l a t e d  b y  Degnan  and K l e i n  ( r e f .  7 )  and are 
p l o t t e d  i n  F i g .  4 ( c r o s s e s ) .  These l o s s e s  are s e e n   t o   b e  greater t h a n  
areal. 
For an e x t e n d e d  s o u r c e  ( p l a n e t s ,  Moon, Sun) t h e  i n t e n s i t y  p a t t e r n  a t  
t h e  t e l e s c o p e  a p e r t u r e  is a p l a n a r  d i s t r i b u t i o n .  Assuming a d e t e c t o r  s i z e  
matched t o  t h e  first A i r y  maximum ( i . e .  2.4 1/01, t h e n  t h e  measure of  
sou rce  cohe rence ,  t h e  mutua l  coherence  func t ion  (MCF) , takes the form  of  an 
A i r y  p a t t e r n  w i t h  first minima occurr ing a t  t h e  e d g e s  o f  t h e  t e l e s c o p e  
a p e r t u r e  ( r e f .  8 ) .  S i n c e   h e t e r o d y n e   d e t e c t i o n  is a cohe ren t   t echn ique ,   one  
would  expect   any  obscurat ion  of  t h e  mutua l  cohe rence  func t ion  to  in t roduce  
a d d i t i o n a l   l o s s e s .  To demonst ra te  t h i s  on t h e  o p t i c a l  t ab l e ,  a v a r i a b l e  
obscu ra t ion  t e l e scope  and  source  were s imula ted  w i t h  an  extended  black-body 
r e f e r e n c e  s o u r c e  a n d  s e v e r a l  a n n u l a r  a p e r t u r e s  i n s e r t e d  i n  t he  source  beam. 
The r e s u l t i n g  h e t e r o d y n e  s i g n a l s  ( c i r c l e s  i n  F i g .  4 )  show  even   grea te r  
l o s s e s   t h a n  the  p o i n t   s o u r c e  case, a t  large o b s c u r a t i o n   r a t i o s .  Similar 
measurements on t h e  Sun i n c r e a s i n g  t h e  0 . 4 5  l i n e a r  o b s c u r a t i o n  o f  t h e  48 
i n c h  GSFC t e l e s c o p e  ( t r i a n g l e s )  show a similar t r e n d .  
The e x t e n t  o f  t h i s  "coherence"  loss  can  be estimated f o r  a g i v e n  
o b s c u r a t i o n  b y  i n t e g r a t i n g  the unobscured  annulus   of  the mutual   coherence 
funct ion.   Assuming a d i r e c t .  r e l a t i o n s h i p   b e t w e e n  t h i s  i n t e g r a l  and t h e  
heterodyne  s ignal   one  can  compare the  r e s u l t s  t o  our  measurements.  The 
A i r y - l i k e  c u r v e  i n  F i g .  4 r e p r e s e n t s  these c a l c u l a t i o n s  a n d  i n d e e d  is i n  
good agreement w i t h  measured  poin ts .  
Varying t h e  c e n t r a l  o b s c u r a t i o n  i n  a 10 i n c h  o f f - a x i s  a p e r t u r e  i n  the 
48-inch  primary  shows a he terodyne  s igna l  dependence  more  l i k e  t h e  s imple  
area blockage case. T h i s  is c o n s i s t e n t  w i th  t h e  p resen t   a rgumen t s   s ince  
t h e  s y s t e m  o p t i c s  are matched t o  t he  f / n o .  a n d  a p e r t u r e  o f  t h e  48-inch 
t e l e s c o p e .  The I R  mixe r   t hus  "sees" t h e  whole   aper ture   and  t h e  f u l l  mutual 
cohe rence   func t ion .  A 10 i n c h  s l ice  o f   t he   48 - inch  wide MCF w i l l  n o t   v a r y  
s i g n i f i c a n t l y  a n d  b l o c k i n g  t h i s  more un i fo rm func t ion  is similar t o  t h e  
s imple   p l ane  wave case. The i n t e n s i t y  d i s t r i b u t i o n  on the  f i x e d  area 
d e t e c t o r  will a l s o  n o t  c h a n g e  a p p r e c i a b l y ,  s i n c e  t he  d e t e c t o r  i n t e r c e p t s  
on ly  - 1/5 of  t he  A i r y   i n t e n s i t y   p a t t e r n   o f  the 10 i n c h   a p e r t u r e .   T h u s ,  as 
t h e  o b s c u r a t i o n  is m o d e s t l y  i n c r e a s e d ,  t he  a c t i v e  i n t e n s i t y  on t h e  d e t e c t o r  
is n o t  s e v e r e l y  al tered.  
We attempted to  improve  t h e  h e t e r o d y n e  e f f i c i e n c y  on ex tended  sources  
a t  a h ighly  obscured  te lescope  by  vary ing  and  matching t h e  i n t e n s i t y  
pa t t e rn   f rom the  l o c a l  o s c i l l a t o r  t o  t h a t  o f  t he  t e l e s c o p e .  We were able 
t o  r e c o v e r ,  50% o f  t h e  s i g n a l  (star i n  F ig .  4 )  by  in t roduc ing  a matched 
c e n t r a l  o b s c u r a t i o n  i n  t h e  L .O.  beam. However, t h i s  r e s u l t s  i n  a great 
r e d u c t i o n  o f  laser power on the photomixer  and it may not   a lways be 
p o s s i b l e  t o  r e c o v e r  the n e c e s s a r y  power  from weak lasers t o  o b t a i n  optimum 
h e t e r o d y n e   e f f i c i e n c y  a t  t h e   m i x e r   ( s h o t   n o i s e  l imited o p e r a t i o n ) .   T h i s  
may be i m p o s s i b l e  w i t h  p r e s e n t  d i o d e  laser l o c a l  o s c i l l a t o r s ,  i m p l y i n g  that  
c e n t r a l  o b s c u r a t i o n s  s h o u l d  be avo ided   i n   d iode  laser he terodyne  
s p e c t r o m e t e r s .   T h e o r e t i c a l   t r e a t m e n t   o f   t h e   o b s c u r a t i o n  effect  f o r  
extended  sources   by Degnan ( ref .  9) s u g g e s t s  that it may b e  p o s s i b l e  t o  
r e c o v e r  all b u t  t h e  areal l o s s e s ;  however t h i s  was n o t  f o u n d  t o  be t r u e  on 
our measurements ,  possibly because not  a l l  the A i r y  l o b e s  f a l l  o n t o  o u r  
photomixer.  
Measurements  on t he  Sun, i d e n t i c a l  t o  t h o s e  t a k e n  a t  t h e  4 8  i n c h  
Goddard  te lescope ,  were made w i t h  ou r  he t e rodyne  spec t romete r  matched t o  
t h e  55 i n c h  McMath t e l e s c o p e  a t  K i t t  Peak  National  Observatory.   Under 
matched  condi t ions,   and after a c c o u n t i n g  f o r  the  d i f f e r e n c e s  i n  the 
t ransmiss ion  be tween the two t e l e s c o p e s ,  t h e  Sun s igna l  measured  a t  t h e  
unobscured McMath t e l e s c o p e  was a f a c t o r  o f  2 t o  3 g r e a t e r  t h a n  a t  GSFC. A 
d e g r a d a t i o n   f a c t o r  A ry 1.3 i s  d u e   t o  area b lockage   a lone .  An a d d i t i o n a l  
"coherence"  component A of  up t o  2.2 was thus   observed  a t  t h e  48-inch 
t e l e s c o p e  (Dabs /DA - O???. 
It is t h u s  clear t h a t  c o h e r e n c e  effects  i n  i n f r a r e d  h e t e r o d y n e  s y s t e m  
o p t i c a l  d e s i g n  and  use  have t o  be c a r e f u l l y  c o n s i d e r e d  i n  o r d e r  t o  o b t a i n  
optimum he te rodyne   pe r fo rmance .   In   pa r t i cu la r ,   h igh ly   obscu r ing   t e l e scopes  
are i n a p p r o p r i a t e  f o r  s e n s i t i v e  h e t e r o d y n e  m e a s u r e m e n t s ,  p a r t i c u l a r l y  when 
u s i n g  d i o d e  l a s e r  l o c a l  o s c i l l a t o r s .  
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Figure 1.- GSFC C02 laser-infrared heterodyne  spectrometer. 
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Figure 2.- C02 laser  beam cross section.  Upper  plot shows 
nearly  Gaussian  output beam. Lower  plot  shows edge 
diffraction of beam by undersize mirror  resulting in 
Fresnel  interference fringes  on laser beam profile. 
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Figure 3 . -  Beam s p l i t t e r  i n t e r f e r e n c e  f r i n g e .  The upper trace i s  the  
i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  l o c a l  o s c i l l a t o r  measured a f t e r  t h e  
beam s p l i t t e r .  The f r o n t  and back s u r f a c e  r e f l e c t e d  beams which 
i n t e r f e r e  t o  g i v e  t h i s  p a t t e r n  are i n d i c a t e d  i n  t h e  lower ha l f  of 
t h i s  f i g u r e .  A s u f f i c i e n t l y  l a r g e  wedge angle  w i l l  cause the con- 
vented beam t o  m i s s  the  focuss ing  parabol ic  mir ror ,  e l imina t ing  
he terodyne  ef f ic iency  losses .  Wedge angle  = 30 arc-seconds. 
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Figure 4.- Heterodyne signal losses due t o  cen t r a l  obscu ra t ion  
of  the  s igna l  beam. 
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